Abstract Referring to two recent publications, we here propose that clinical reproductive immunology has for decades stagnated because reproductive medicine, including assisted reproduction (AR), has failed to accept embryo implantation as an immune system-driven process, dependent on establishment of maternal tolerance toward the implanting fetal semiallograft (and complete allograft in cases of oocyte donation). Pregnancy represents a biologically unique period of temporary (to the period of gestation restricted) tolerance, otherwise only known in association with parasitic infections. Rather than investigating the immune pathways necessary to induce this rather unique state of tolerance toward the rapidly growing parasitic antigen load of the fetus, the field, instead, concentrated on irrelevant secondary immune phenomena (i.e., Bimmunological noise^). It, therefore, does not surprise that interesting recent research, offering new potential insights into maternal tolerance during pregnancy, was mostly published outside of the field of reproductive medicine. This research offers evidence for existence of inducible maternal tolerance pathways with the ability of improving maternal fecundity and, potentially, reducing such late pregnancy complications as premature labor and preeclampsia/eclampsia due to premature abatement of maternal tolerance. Increasing evidence also suggests that tolerance-inducing immune pathways are similar in successful pregnancy, successful organ transplantation and, likely also in the tolerance of Bself^(i.e., prevention of autoimmunity). Identifying and isolating these pathways, therefore, may greatly benefit all three of these clinical areas, and research in reproductive immunology should be accordingly redirected.
Commenting on a recently published study by Wei et al. [1] in Fertility&Sterility that had received considerable media attention, Zeev Blumenfeld astutely noted that one possible explanation for why women, who had lymphoid tissues (i.e., appendices and tonsils) surgically removed subsequently demonstrated improved fecundity, might be that removal of these lymphoid tissues beneficially impacted their ability to develop immunological tolerance [2] . In doing so, Blumenfeld, raised a for-decades-neglected subject in clinical reproductive medicine, which deserves renewed attention.
Treating poorly defined clinical conditions, like implantation failure and repeat pregnancy loss, with largely unproven therapies, clinical reproductive immunology has spent the last 20 years in Bscientific purgatory.^Robertson et al. pointed this out recently in another timely commentary, when reviewing the use of corticosteroid therapy in assisted reproduction [3] . Considering the progress made in most other areas of reproductive biology, one is left wondering about the disproportionate stagnation in reproductive immunology. This is not to say that there has not been a plethora of studies in animal models trying to pierce out how maternal tolerance is established, given that maternal alloreactive lymphocytes are not depleted during pregnancies [4] . Many such studies have been published in recent years [4] [5] [6] , though persistently ignored in their potential applicability to clinical practice.
The principal reason lies in the failure of clinical reproductive medicine to acknowledge the centrality of establishment of normal maternal tolerance for successful pregnancy. In other words, without establishment of proper temporary immune tolerance toward the implanting embryo, and subsequently expanding tolerance toward a rapidly growing volume of solidly antigenic tissue (i.e., growing fetus and placenta) for the approximately 38 weeks of normal gestational length between implantation and delivery, the reproductive process could not succeed.
Reproductive immunology as a distinct area of research within reproductive biology goes back to Medawar's and Billingham's groundbreaking transplantation studies [7, 8] . The clinical appreciation of pregnancy as an immunological paradox started entering the consciousness of clinical practitioners, however, only following establishment of the American Society for Reproductive Immunology in 1979, of which Billingham was a founding member. Robertson et al. recently noted [3] that it was the association of autoimmunity with pregnancy loss [9, 10] , and later with implantation failure [11] that for the first time on a clinical level linked the maternal immune system with reproductive outcomes.
Exaggerations by commercial laboratory interests of the clinical relevance of reported autoimmune findings resulted in a backlash from clinical practitioners [12] , and the pendulum swung to the opposite extreme, with prominent voices in clinical assisted reproduction declaring reproductive immunology inconsequential-and even demanding an end to all related diagnostic testing [13] .
Within large parts of the clinical community, reproductive immunology has ever since been viewed as Bscientific purgatory,^with even prominent practitioners disputing all relevance of the maternal immune system to assisted reproduction. Often rightly, clinical practitioners in this arena have been viewed as Bon the fringe.Ĉ linical immunological knowledge in assisted reproduction, consequently, has, however, since the late 1980s largely stagnated. As Robertson et al. recently noted, like in earliest days of transplantation biology, over 60 years ago [14] , suspected immunological problems in reproductive medicine are, therefore, still primarily only treated with corticosteroids [3] .
Why the biology matters
Robertson et al. [3] suggested that the continuous utilization of corticosteroids in assisted reproduction is, likely, a remnant of the previously noted association of autoimmunity with various forms of reproductive failure [9] [10] [11] . Corticosteroid therapy was, however, introduced to assisted reproduction for other reasons. In the very early days of in vitro fertilization (IVF), Kemeter and Feichtinger, based on a small prospectively randomized clinical trial, suggested outcome benefits from suppression of adrenal androgens [15] . A few years later, such treatment was proposed as anti-inflammatory in association with assisted hatching of the zona pellucida [16] .
Advocating corticosteroid treatments in attempts to affect autoimmune effects on reproduction, however, demonstrates how much the basic immunobiology of pregnancy is still misunderstood in the practice of IVF: Immunologically-induced reproductive failure only rarely is the consequence of failure of tolerance to Bself^(i.e., autoimmunity) but, almost always the consequence of failure of tolerance toward the paternal semi-allograft (i.e., allogeneic immunity).
We here want to stress that establishment of appropriate tolerance is an essential step for normal implantation and pregnancy maintenance. It, indeed, may be more essential than even presence of endometrium since ectopic implantations and early pregnancy development occur in vivo in absence of endometrium in fallopian tubes, on ovarian surfaces, omentum and elsewhere [17] . Two recent human in vitro embryo implantation studies confirmed this, when demonstrating normal embryo development after implantation on artificial surfaces in complete absence of maternal contributions until day-14 post-fertilization, when, international conventions currently mandate termination of in vitro embryo cultures [18, 19] .
To avoid being attacked by the maternal immune system, normal pregnancies, thus, must succeed in establishing timely and adequate levels of tolerance toward the fetal semi-allograft. Conversely, abnormally low levels of maternal tolerance must, therefore, result in implantation difficulties and abnormal pregnancy progression due to allogeneic (and not autoimmune) immune responses.
Solid organ, multi-tissue Bmini^transplants, as embryos can be biologically described, can be expected to elicit similar immune responses to complex solid organ transplants. Yet, while in almost all circumstances women would violently reject any Bmini^-organ transplant from a partner, they, with normally functioning immune systems, will fully tolerate such transplants in the form of implanting embryos. Already at implantation, the maternal immune system, therefore, must be Breprogrammed^from rejection to tolerance. Moreover, despite rapidly increasing allogeneic antigen load, as fetus and placenta increase in mass, adequate tolerance must be maintained for an average of approximately 38 weeks, the normal gestational period between implantation and delivery.
The normal maternal immune system in pregnancy, therefore, demonstrates an incredible level of plasticity in maintaining adequate tolerance.
As Robertson et al. correctly noted, maternal tolerance is not based on suppression of maternal immune system functions [3] , as almost all principle immune functions are maintained at normal levels during pregnancy. Instead, tolerance is a consequence of inductive (i.e., stimulatory) processes. In other words, as many recent animal studies have demonstrated, it appears likely that proper maternal induction of tolerance toward implanting embryos requires proactive activation of selected immune pathways within the maternal immune system, which Breprogram^the mother's immune responses from rejection to tolerance.
Like all physiological processes, the essential induction of tolerance pathways can, likely, malfunction. To suppress allogeneic immune responses, utilization of corticosteroids in earliest transplantation models [14] , and their continuous utilization as first line anti-rejection drugs in solid organ transplantation [20] , offers good evidence for their effectiveness in allogeneic immune responses. When in the past used in reproductive medicine as treatment in association with autoimmune phenomena, one, therefore, cannot conclude that their effectiveness necessarily reflects anti-autoimmunity; at least equally likely, their historical effectiveness may, have been directed against allogeneic immune responses the maternal immune system mounted against the invading fetal semi-allograft.
Hyperactive immune systems induce tolerance pathways poorly [21] . Women with autoimmunity and other immune system-activating conditions, including inflammation and allergies, therefore, likely develop tolerance-inducing pathways inadequately, and demonstrate insufficient development of tolerance toward the fetal semi-allograft in early gestation. Implanting embryos and early pregnancies, consequently, are left vulnerable to allogenic attacks by the mothers' immune systems.
Poorly induced tolerance pathways, therefore, can likely prevent implantation (i.e., cause implantation failure) and/or induce miscarriages (immune-induced pregnancy loss). Because autoimmunity is frequently the underlying cause for poor tolerance induction, autoimmunity has historically been associated with pregnancy loss [9, 10] and implantation failure [11] . These associations are, however, misleading because autoimmunity, itself, only unlikely causes pregnancy loss and implantation failure; the real culprit is, likely, because of autoimmunity (or other causes of immune system hyperactivity), poorly induced tolerance by eliciting reproductive failurecausing alloimmune responses.
Observed autoimmune laboratory abnormalities under such circumstances only represent Bimmunological noise,â nd do not reflect the primary allogeneic immune defect. For decades assisted reproduction, therefore, has mistakenly concentrated on autoimmune findings or other individual test results, often without real clinical relevance [13] . Widely tested immune markers, like anti-phospholipid and other autoantibody abnormalities [9, 10] and NK cells [22] , therefore, reflect only above noted Bimmunological noise,^suggesting inadequate tolerance. Themselves, these laboratory findings have little clinical meaning and practically no specificity for clinical outcomes. Previously noted lack of consensus on their meaning in association with IVF cycle outcomes, therefore, should not surprise.
It, therefore, appears timely to concentrate on how to assess tolerance, defining specific immune pathways essential for establishment of normal pregnancies and, once a diagnosis of insufficient tolerance has been reached, on how to therapeutically boost abnormally low tolerance levels. The latter point appears particularly important because normal induction of tolerance with great likelihood is an essential step in embryo implantation.
The following section describes evidence that such immune pathways exist in pregnancy, successful organ transplantation and in normal tolerance of Bself.^Disturbances in these pathways result in decreased fecundity and, at times, in infertility, increased miscarriage risks and, if tolerance wears off prematurely, late pregnancy complications, like premature labor and preeclampsia/eclampsia. In allogeneic organ transplantations, the results are graft-versus-host (GVH) disease and organ rejection, and in regards to tolerance of Bself,^the consequences are autoimmune diseases.
Evidence for existence of tolerance pathways
Two recently reported observations support the existence of tolerance-inducing pathways in pregnancy. The first comes from observations in a population of forager-horticulturalists in Bolivia who to significant degrees are infected by different helminth species. As parasites, those helminths-not dissimilar to fetuses-must avoid rejection. They, too, therefore, must be able to induce tolerance-producing immune pathways in the host.
Tolerance toward parasites
Blackwell et al. recently reported in Science that immune pathways induced by some helminths favor establishment of pregnancy. As witnessed by younger age at first birth and shorter birth intervals, women infected with roundworms (Ascaris lumbricoides) demonstrated strong evidence of improved fecundity in comparison to uninfected controls. Hook worm infections, in contrast, caused opposite effects, including later first births and longer birth intervals than controls [23] , thus, possibly, inhibiting tolerance pathways.
Induction of pregnancy-favoring tolerance-producing immune pathways, thus, appears to be a highly specific process, with selective environmental factors capable of influencing the female immunes system in its ability to develop such pathways. Interestingly, some helminth infections have recently also been suggested to boost self-tolerance and improve clinical symptoms in, otherwise, treatment resistant autoimmune diseases, in the USA resulting in a quickly expanding treatment underground for iatrogenically induced helminth infections [24] . Further supporting these congruities, helminth infections have been reported to promote colonization resistance via type 2 immunity [25] . Normal pregnancy is also characterized by a preponderance of type 2 immunity [26] .
Combined, these observations support the ability of the female immune system to respond with tolerance-inducing immune pathways in response to selected parasitic infections, which require such tolerance to survive within the human host, just as the paternal semi-allograft of pregnancy must survive within the maternal host and just like Bself^must avoid autoimmune attacks. These observations further suggest that all three of these tolerance situations share overlapping tolerance pathways.
Premature termination of tolerance in pregnancy
A series of recent reports in mostly the infectious diseases (vaccination) literature potentially shed interesting additional light on essential tolerance pathways in human pregnancy. Several large-scale population studies from all around the world reported remarkably consistent effects on late pregnancy complications from influenza vaccinations during pregnancy. Though the purpose of these studies was to assess efficacy and safety of those vaccinations, they all, unexpectedly, reported an almost 50% reduction in late pregnancy complications, including premature labor [27] [28] [29] [30] [31] .
What initiates labor, whether at term or prematurely, is still largely unknown. Increasing evidence, however, suggests that labor is an inflammatory process [32] and that, in absence of infections, its initiation may be caused by termination of the temporary tolerance of pregnancy. If that were to be the case, premature labor would reflect premature termination of temporary tolerance.
As noted earlier, immune system hyperactivity leads to diminished development of tolerance [21] . That autoimmunity is strongly associated with insufficient tolerance induction at onset of pregnancy but is also typically associated with premature labor, is, therefore, noteworthy. Premature labor is, indeed, a characteristic feature of practically all autoimmune diseases [33] .
Maternal immune systems that have difficulty establishing good tolerance at initiation of gestation, thus, apparently also lose tolerance prematurely at the end of gestation. This very logical observation further supports that the establishment of temporary tolerance in pregnancy is a time-restricted event, whether in normal pregnancy (ca. 38 weeks long) or in women with impaired tolerance (premature deliveries).
That a simple Influenza vaccination during pregnancy reduces late pregnancy complications, including premature labor, by an incredible 50% is, therefore, not only of great importance for public health but also strongly suggests that, like certain helminths, such vaccinations boost tolerance pathways in the maternal immune system. Moreover, by doing so, they extend the period of tolerance in women who, otherwise, might have experienced premature termination of tolerance and late pregnancy complications. Interestingly, helminth infections have recently also been reported to boost immune systems of offspring [34] .
Extrapolating from these reported findings, increased utilization of influenza vaccinations in pregnancy should, therefore, significantly benefit current prematurity rates which, interestingly, do not greatly vary between developing and developed countries, thereby suggesting that prematurity represents an innate feature of pregnancy, independent of economic and genetic influences. Premature termination of pregnancy tolerance, of course, would represent such an innate pathophysiology, equally affecting women around the world.
The future
The evidence presented here for existence of toleranceinducing maternal immune pathways is still largely circumstantial, and requires biological definition. Accordingly, we considered the presented evidence strong enough to initiate a prospectively randomized pilot study, investigating whether influenza vaccination in pregnancy, indeed, can affect immune tolerance pathways.
Such a study was recently approved by our center's Institutional Review Board and was registered under two protocols in autologous and donor-recipient cycles (NCT 02947217 and NCT 02946177). The hypothesis assumes that Influenza vaccination, indeed, induces immune pathways in female immune systems, which favor pregnancy through induction of tolerance. If correct, Influenza immunization, especially in women with evidence of hyperactive immune systems, should improve implantation rates and reduce spontaneous pregnancy losses (and late pregnancy complications).
We welcome potential collaborating centers to join us in this research effort, which requires larger IVF cycle numbers than a single center usually can provide. Interested centers are requested to contact the corresponding author.
Influenza immunizations in pregnancy are now strongly recommended [35] . Patients undergoing this trial will, therefore, receive a recommended treatment, with randomization only affecting timing of immunization, either shortly before or after conception.
We are currently also in the process of defining how to identify specific immune pathways activated by Influenza vaccinations. Some preliminary pathways have been reported [36] , though not specifically related to infertile women. Identification of tolerance inducing pathways would not only have significance for infertility, and especially assisted reproduction treatments, but, likely, also for organ transplantation and improvements in self-tolerance (i.e., autoimmunity).
Blumenfeld pointed out the potential importance of identifying tolerance pathways [2] when discussing the interesting observation that women who had lymphoid tissues (i.e., appendices and tonsils) surgically removed demonstrated improved fecundity [1] . Assuming an effect on tolerance, removal of these lymphoid tissues would, thus, mimic above described effects of selected helminth infections [23] . It, indeed, is entirely possible that appendices and tonsils contain lymphoid cell populations with inhibitory functions on tolerance induction. Their surgical removal would then be expected to lead to improved tolerance induction and observed improvements in fecundity. Surgical removal of the spleen, the largest lymphoid organ, crucial in regulating immune homeostasis by aligning innate and adaptive immunity, and protecting against infections [37] , is well documented to affect B lymphocyte responses [38] and inflammatory responses [39] , has been reported to represent an independent risk factor for premature labor [40] , and therefore, interestingly may be associated with early termination of tolerance.
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